Introduction Nonalcoholic fatty liver disease (NAFLD) is an epidemic in the obese population. Bariatric surgery is known to reverse multiple metabolic complications of obesity such as diabetes, dyslipidemia, and NAFLD, but the timing of liver changes has not been well described.
with about 20-30% of the adult population affected [1, 2] . NAFLD has been linked to other metabolic syndrome diseases such as type II diabetes, dyslipidemia, and cardiovascular disease. Additionally, patients with isolated steatosis can progress to a more histological aggressive form of NAFLD, known as nonalcoholic steatohepatitis (NASH) and eventually hepatic cirrhosis. Early detection and treatment can help slow or potentially reverse the progression of NAFLD. Since the most common risk factor for developing NAFLD is obesity, clinical management emphasizes weight loss, which can be achieved through diet modification, exercise, or surgical interventions. However, the current algorithms for NAFLD treatment suggest that while weight-loss surgery is beneficial, it is not recommended as a primary intervention in NAFLD [3] .
Bariatric surgery with intensive medical management has been shown to be more effective when compared to intensive medical management alone for resolution of other metabolic diseases such as type II diabetes [4] . Studies have demonstrated an 85% pathological regression of steatosis after bariatric surgery with follow-up liver biopsy results [5] . However, there are few studies that analyze the time course of fatty liver resolution or attempt to correlate it with the degree of weight loss or reduction in liver size.
This study aims to characterize the timing of the reduction of liver fat and liver size following bariatric surgery, and to describe the resolution of hepatic steatosis. To perform this study, we performed magnetic resonance imaging (MRI) at multiple time points, measuring liver volume and MRI proton-density fat fraction (MRI-PDFF). The latter is a validated, noninvasive quantitative imaging biomarker of liver fat content; unlike conventional MRI, MRI-PDFF minimizes or corrects potential confounding factors to measure fat fraction accurately [6] . Previous PDFF studies have established values for different grades of hepatic steatosis, with a PDFF [ 6.4% indicating grade 1 hepatosteatosis [7, 8] . Although liver biopsy is currently the gold standard for assessing liver fat content and diagnosing NAFLD, its invasiveness and associated risks precluded its use for the frequent measurements required by our study.
Materials and Methods
Under institutional review board (IRB) approval, consecutive morbidly obese patients being considered for weightloss surgery were recruited from October 2010 until June 2015 to participate in a prospective longitudinal observational study at two academic institutions. The inclusion criteria were baseline BMI C 35 kg/m 2 , being considered for weight-loss surgery, and willingness to participate for follow-up. Exclusion criteria were contraindications to MRI and clinical or laboratory evidence of liver diseases other than NAFLD (such as viral hepatitis, hemochromatosis, and Wilson disease). At each center, enrolled subjects underwent evaluation by a multi-disciplinary bariatric team to determine eligibility for weight-loss surgery. Once patients were approved to undergo surgery, they received a baseline MRI prior to starting their pre-operative high protein, low carbohydrate liquid diet, then underwent a second MRI post-liquid diet (PLD). Within 2 days of PLD MRI, patients underwent weight-loss surgery, receiving either a laparoscopic sleeve gastrectomy (LSG), a laparoscopic Roux-en-Y gastric bypass (LRYGB), or a laparoscopic adjustable gastric band (LAGB) based on the surgeon's recommendation. The patients then received follow-up MRI studies at 1, 3, and 6 months postoperatively.
For all patients, the following demographics, perioperative, and post-operative data were recorded: gender, ethnicity, age, weight, height, body mass index (BMI), ideal body weight (IBW) based on a BMI of 25, excess weight, excess weight loss (EWL), excess weight loss percentage decrease (EWL%), MRI-measured liver volume, and MRI-PDFF. Relevant laboratory studies at all time points were also obtained including aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), total bilirubin (Tbili), triglycerides (TG), total cholesterol (TC), low-density lipoprotein (LDL), and highdensity lipoprotein (HDL).
Imaging and liver volumetric analysis
At both centers, all MRIs were obtained at 3T scanner (GE Signa EXCITE HDxt or GE MR750, GE Healthcare, Waukesha, WI) utilizing a multi-channel torso phased-array coil placed over the liver with all subjects in the supine position. A six-echo spoiled gradient-recalled-echo magnitude-based fat quantification technique was performed without contrast using a low flip angle to minimize T1 effects. The collection of six echoes allowed for correction of T2 [7] . Liver volume measurements and MRI-PDFF calculations were performed with the OsiriX imaging software (Osirix Foundation, Geneva, Switzerland). Liver volume measurements were made by outlining liver boundaries on each slice and the final volume calculated by OsiriX. MRI-PDFF measurements were made by placing a circular region of interest (ROI) with a 1 cm radius in each Couinaud segment of the liver, with the PDFF values from each of these ROIs averaged to give the overall MRI-PDFF. These averages were then used for data analysis.
Liver histology
Liver histology slides were prepared with hematoxylin and eosin (H&E), Masson's trichrome, and iron stains. Each histology slide was labeled with a unique study identifier and sent to pathology for consensus interpretation. Histology features such as steatosis, iron, inflammation, ballooning, and fibrosis were scored using the NASH Clinical Research Network (CRN). The NASH CRN scores steatosis into broad ranges based on the fraction of cells containing intrahepatocellular fat droplets (\5% cells affected, 5-33%, 34-66%, [66%). Histological features important to the diagnosis of NAFLD included both the presence of 5% steatosis and the absence of findings consistent with and alternative diagnosis such as hemochromatosis or infectious hepatitis.
Outcome measures and statistical analysis
Statistical analysis was performed using SPSS (IBM, Armonk, NY). Paired-t test was used to calculate significance for normally distributed data and Wilcoxon signedrank test for non-normally distributed dated comparing values during the different time points for liver volumes, PDFF values, BMI, excess weight loss, total body weight loss, and liver function tests.
As an exploratory analysis, patient outcomes between the surgical groups were compared. Since there were only three patients in the LAGB group they were excluded, and only LSG and LRYGB outcomes were compared. At baseline total body weight, excess weight, BMI, liver volume, and PDFF were compared. Then the percent changes in those five categories from baseline to the 6-months time point were compared between the LSG and LRYGB groups. Independent samples t test were performed for normally distributed data and Mann-Whitney U test was utilized for non-parametric data to compare differences between the two groups. A Chi square with Fisher's exact test was performed comparing the proportion of patients in each group with hepatic resolution of steatosis, using a previously published PDFF cutoff of \6.4% for this determination [7, 8] .
Results
From October 2010 until June 2015, a total of 124 patients were enrolled. 102 patients completed the liquid diet and underwent bariatric surgery with planned concomitant liver biopsy. 22 patients were either unable to fit into the MRI scanner at baseline, and proceeded to surgery but were excluded from this analysis, or were disqualified by the multi-disciplinary team for either psychologically or medically related pathology. Of the 102 patients that received bariatric surgery-63 patients had positive intraoperative biopsies diagnostic for NAFLD, 24 patients had negative biopsies. 15 patients did not receive biopsies for the following reasons: 1 patient had significant hepatic bleeding just from the surgery alone, 1 patient the surgeon failed to perform the biopsy, 9 patients the surgeon deemed it unsafe to perform the biopsy, 3 patients were aborted at the time of surgery, and 1 patient canceled on the day of surgery. The 63 patients with NAFLD-positive liver biopsies were then allowed to continue in the study and receive follow-up MRIs. 14 patients subsequently were excluded from analysis with 6 lost to follow-up and 8 who missed at least one of the three follow-up MRIs. A total of 49 (39.5%) out of the initial 124 patients completed all five MRI time periods and the data were analyzed. A flowchart of patient enrollment and progress through the study is shown in Fig. 1 .
Patients were predominantly female (85.7%) and Caucasian (92.0%) with a mean age of 50.9 ± 10.8 years, mean weight of 123.2 ± 20.4 kg, and mean body mass index (BMI) of 45.3 ± 5.9 kg/m 2 ( Table 1) . Twenty-six (53.1%) patients underwent LRYGB, 20 (41.8%) LSG, and 3 (6.1%) LAGB.
Patients received a liquid diet for a mean duration of 15.5 ± 5.5 days. BMI decreased significantly from baseline to PLD (45.3 ± 5.9 vs. 43.5 ± 6.0 kg/m 2 p \ 0.001) and at 6 months had fallen to 34.4 ± 5.1 kg/m 2 . EBW decreased significantly from baseline to PLD (66.5 ± 16.7 vs. 61.5 ± 16.5 kg, p \ 0.001) and at 6 months had decreased to 36.7 ± 13.5 kg. Excess weight-loss percentage (EWL%) from baseline to PLD was 9.5 ± 4.8%, and at post-operative 1, 3, and 6 months was 28.2 ± 9.0, 43.5 ± 12.5, and 55.6 ± 19.0%, respectively.
Laboratory values were compared from baseline to 6 months. AST and ALT both decreased significantly from 31.0 ± 29.1 to 15.9 ± 5.7 U/L (p = 0.002) and 42.5 ± 30.5 to 22.4 ± 9.4 U/L (p \ 0.001), respectively. ALP increased from 78.6 ± 23.4 to 84.3 ± 28.9 U/L, although this was not statistically significant (p = 0.122). Tbili increased slightly from 0.47 ± 0.20 to 0.54 ± 0.23 mg/dL (p = 0.02). TG decreased significantly from 184.6 ± 111.5 to 127.34 ± 47.2 mg/dL (p \ 0.001). Both TC and LDL trended downward from 177.1 ± 41.6 to 166.5 ± 40.0 mg/dL and 97.4 ± 29.3 to 92.6 ± 34.9 mg/ dL although neither were statistically significant (p = 0.142 and 0.411). Finally, HDL increased significantly from 44.1 ± 9.9 to 49.2 ± 10.2 mg/dL (p \ 0.001).
Liver volume
From baseline to PLD, mean liver volume decreased 12.21%, from 2464.6 ± 619.4 to 2148.0 ± 527.2 cm 
PDFF
Mean PDFF decreased significantly between each pair of successive timepoints: baseline to PLD (16.6 ± 7.8 vs.
12.7 ± 6.8%, p \ 0.001), PLD to 1 month post-operatively (12.7 ± 6.8 vs. 7.3 ± 4.1%, p \ 0.001), 1-3 months (7.3 ± 4.1 vs. 4.9 ± 2.9%, p \ 0.001), and 3-6 months (4.9 ± 2.9 vs. 4.4 ± 3.4%, p = 0.007). All primary endpoints for all five time points are described in Table 2 . Using a previously established MRI-PDFF cutoff for hepatic steatosis of \6.4%, the percentage of patients negative for steatosis based on MRI increased from baseline to 6 months (6.1 vs. 83.7%). Only 8 (16.3%) patients had hepatic steatosis based on MRI at 6 months post-operatively (Fig. 2) .
LSG versus LRYGB
There were no statistically significant differences at baseline between the LSG and the LRYGB group for total body weight (121. AST, Tbili, and Alk Phos were not statistically significantly different between the two groups. However, ALT (LSG 36.5 ± 37.2 vs. LRYGB 45.2 ± 24.4, p \ 0.008) and INR (LSG 1.1 ± 0.1 vs. LYRGB 1.0 ± 0.1, p = 0.019) differed significantly. LFT comparison between the two groups is shown in Table 3 .
When comparing the LSG and LRYGB groups for change from baseline to 6 months, mean liver volume percentage decrease (LSG 20. 
Discussion
NASH, which is a form of advanced liver disease on the NAFLD spectrum can progress to cirrhosis in as high as 20% of patients, and is more prevalent in weight-loss surgery patients than the general population. NASH currently occurs in 2-5% of the general population with about 20% of patients developing cirrhosis and in severe cases progressing to liver failure [1] . Weight loss has been proven to decrease liver volume and fat composition, and previous studies have demonstrated similar decreases in PDFF values with liquid diets [5, [9] [10] [11] [12] [13] [14] [15] [16] . However, our study longitudinally follows patients after bariatric surgery and provides 6-month data. Our key findings were that liver Table 2 Results for all 5 time points: baseline (BL), post-liquid diet (PLD) continued to be statistically significant decreases in the PDFF (Fig. 3) . This would make sense intuitively as the liver volume and the fat volume decreases dramatically at first, but the liver volume itself can only decrease to a certain percentage. After this either parenchymal architectural changes or cellular rearrangement causes the fat fraction to decrease further but the liver volume to remain stable.
As we move toward an era where bariatric surgery becomes increasingly utilized as a metabolic surgery rather than a purely weight-loss procedure, it is important to note these improvements in NAFLD patients before the disease progresses to NASH. Our study appears to indicate that there is no difference clinically significant difference at 6 months between LSG and LRYGB outcomes for decreases in PDFF values and resolution of NAFLD, however, there was a trend toward improved outcomes in LRYGB patients.
When LSG and LRYGB was compared, it did not surprise our group to discover that the LRYGB group achieved higher weight loss with a higher BMI and total body weight percentage change as compared to the LSG group as weight loss is known to be superior in LRYGB patients [17, 18] . What was interesting was that the liver volume percentage decrease and PDFF percentage decrease did not differ significantly between the two groups. This is possibly due to the fact that the amount of excess weight loss achieved in the LSG group was sufficient to create the cellular changes necessary to achieve regression of hepatosteatosis. This finding is consistent with recent data comparing NAFLD activity scores (NAS) between LSG and LRYGB, demonstrating no statistical differences in post-operative decreases in NAS between the two surgical groups [19] . However, there was a trend toward improved outcomes in LRYGB patients in both liver volume and PDFF. 
Limitations
There were multiple limitations to this study. First, there was only a surgical treatment arm and there was no randomization to a best medical management arm, nor was there randomization of patients into the different surgical options. Although the overall cohort size was adequate for statistical analysis, once the cohorts were divided into the three procedures the individual group sizes were small. The patient population was also fairly homogenous with the patient's predominately being Caucasian, and a majority of them female making this less generalizable to the United States population as a whole. Another limitation of this study was despite recruiting 124 patients, only 49 (39.5%) patients ultimately completed all 5 MRIs. The 14 patients who had both BL and PLD MRIs with a positive biopsy who were either lost to follow-up or missed an MRI were contacted extensively, but unfortunately they either relocated or changed insurance coverage making this time sensitive coordination of imaging difficult.
6.1% of baseline patients were negative for hepatosteatosis based on an MRI-PDFF value of less than 6.4% but subsequently had positive liver biopsies for hepatosteatosis. This discordance was consistent with previously established liver-PDFF parameters [7, 8] and should be taken into consideration if utilizing the MRI-PDFF biomarker in the future in lieu of liver biopsy. The last limitation was that there were no liver biopsies at the completion of the study to fully characterize the histological changes throughout the study and to correlate pathology with the final liver volume and PDFF data.
Conclusion
Bariatric surgery appears to be an effective treatment for NAFLD. Liver volume decreased 21.4% at 1-month postoperatively and plateaus, while PDFF continued to decrease with 83.7% of patients achieving radiologic resolution of hepatosteatosis at 6 months. Further research is needed to understand how liver fat can continue to regress while liver volume remains stable. When LSG and LRYGB was compared, there were no statistically significant differences in liver volume or PDFF changes, however, there was a trend toward improved liver imaging outcomes in patients who underwent LYRGB.
